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Drosophila Enhancer of Zeste/ESC Complexes
Have a Histone H3 Methyltransferase Activity
that Marks Chromosomal Polycomb Sites
PcG complexes (Poux et al., 2002). The gene remains
then unrepressed and potentially active for the rest of
development. Thus, early transcriptional activity of a
target gene sets a mark that maintains transcriptional
competence and prevents the establishment of PcG si-
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Formally, therefore, the PRE mediates both the mem-University of Geneva
ory of the silent state and the memory of the derepressed30 quai Ernest Ansermet
state. The repressive memory is illustrated by the factCH-1011 Geneva
that, although PcG proteins are nearly ubiquitous, atSwitzerland
every cell division they restore the repressed chromatin
state only in cells in which their target genes had been
previously repressed. The memory of the derepressedSummary
state is shown by the fact that if the target gene is
active in the early embryo, or if derepression is forcedEnhancer of Zeste is a Polycomb Group protein essen-
by massive doses of activator, the derepressed state istial for the establishment and maintenance of repres-
inherited by the progeny cells (Cavalli and Paro, 1998,sion of homeotic and other genes. In the early embryo
1999; Poux et al., 2002). This memory is affected by trxit is found in a complex that includes ESC and is re-
mutations. Poux et al. (2002) showed that, in the absencecruited to Polycomb Response Elements. We show
of trx function, cells in which a PRE-containing constructthat this complex contains a methyltransferase activity
had been activated in the early embryo may lose thethat methylates lysine 9 and lysine 27 of histone H3,
derepressed state and become silenced again.but the activity is lost when the E(Z) SET domain is
In the preblastoderm embryo, Polycomb complexesmutated. The lysine 9 position is trimethylated and
are assembled at the PREs, which contain consensusthis mark is closely associated with Polycomb binding
sequences for DNA binding proteins such as GAGA fac-sites on polytene chromosomes but is also found in
tor and Pleiohomeotic (PHO), the fly homolog of thecentric heterochromatin, chromosome 4, and telo-
mammalian YY1 factor (Brown et al., 1998). We havemeric sites. Histone H3 methylated in vitro by the E(Z)/
argued that these, together with other, unidentified DNAESC complex binds specifically to Polycomb protein.
binding proteins, recruit cooperatively a PcG complex
that includes PC, PH, and GAGA factor but also ESC,Introduction
E(Z), PHO, and Rpd3 (Poux et al., 2001b). The E(Z)/
ESC/PHO complex dissociates from the PC-containingDrosophila Polycomb Group (PcG) complexes are re-
complex after the blastoderm stage, and ESC ceasessponsible for the maintenance of the repressed state
to be produced by the end of embryogenesis. However,of genes subject to their control. The best-known PcG
the E(Z) protein continues to be needed, at least intermit-targets are the homeotic genes, which are activated in
tently, to maintain the silent state and is most likelythe early embryo by the products of segmentation
recruited to the PRE by the PHO DNA binding protein.genes. At this stage, transient, localized activators and
Experiments with PC targeted to a reporter gene by the
repressors determine the segmental domains of expres-
LexA DNA binding domain show that, while it can recruit
sion of each homeotic gene but, after gastrulation, epi-
the ESC/E(Z) component to establish silencing in the
genetic mechanisms take over to maintain the segmen- early embryo, it can no longer recruit E(Z) at later stages,
tal pattern of expression for the rest of development. when the early complex has dissociated. LexA-PC re-
These mechanisms are mediated by the Polycomb Re- pression continues in the embryo but the memory of
sponse Elements (PREs), regulatory regions of several the repressed state is then lost and the reporter gene
hundred base pairs, where two kinds of chromatin com- becomes derepressed during larval stages (Poux et al.,
plexes are assembled. One kind, the PcG complexes, 2001a). These results suggest that E(Z) might mediate
is repressive and can maintain a silent state. The other the creation of a chromatin mark necessary for repres-
kind involves the Trithorax protein (TRX) and mediates sion and responsible for maintaining the memory of the
the persistence of the active state. Which of the two silent state.
predominates depends on the state of activity of the TRX and E(Z) are therefore good candidates for the
target promoter at the blastoderm stage of develop- functions required for the positive and negative memo-
ment. If the gene had been repressed by early regulators, ries, respectively. Structurally, these two proteins share
the PcG silencing mechanisms maintain the repressed with SU(VAR)3-9 the SET domain, named after the three
state throughout the rest of development. If the gene founding members SU(VAR)3-9, E(Z), and TRX. Ad-
was active in the early embryo, the TRX function stimu- vances in the past two years have shown that the SET
lates its expression and prevents later silencing by the domain in many proteins is responsible for a histone
H3 methyltransferase (MTase) activity (Rea et al., 2000).
With the exception of DOT1p (van Leeuwen et al., 2002),3 Correspondence: pirrotta@zoo.unige.ch
Cell
186
all reported histone MTases that methylate lysine resi-
dues contain a SET domain, which harbors the amino
acids important for MTase function. SU(VAR)3-9 and its
homologs, in particular, are necessary for the formation
of heterochromatic complexes in mammals, flies, and
fission yeast. Their activities methylate lysine 9 of his-
tone H3, which becomes a binding site for the chromo-
domain of heterochromatin proteins such as HP1 (Ban-
nister et al., 2001; Lachner et al., 2001).
We reasoned that TRX and E(Z) might reside in com-
plexes that possess MTase activities. PC contains a
chromodomain whose structure and essential residues
are homologous to those found in HP1 and related
methyl lysine binding proteins (Nielsen et al., 2002) and
might therefore recognize a nucleosomal methylation
mark. In this work, we show that both TRX and E(Z)
complexes contain an H3 MTase activity. To study the
ESC/E(Z) complex, we fractionated Drosophila nuclear
extract and asked if a MTase activity copurified with
E(Z) and ESC. We found that a complex containing E(Z)
and ESC trimethylates lysine 9 and methylates lysine 27
of histone H3 and that the trimethylated lysine 9 mark
is closely correlated with PcG binding sites on polytene
chromosomes, suggesting that the E(Z) methylation of
H3 serves as the memory trace of the silent state.
Results
Methyltransferase Activities Associated
with ESC and TRX
To test whether E(Z) or TRX might display MTase activity
that could serve as a chromatin mark, we immunopre-
cipitated the corresponding complexes from embryonic
nuclear extracts with anti-ESC antibody or with anti-
TRX antibody. The immunoprecipitated material in both
cases contains a histone MTase activity specific for his-
tone H3 (Figure 1A).
To determine the site of methylation, we used first
synthetic N-terminal peptides containing the first 19 Figure 1. Immunoprecipitation of H3 Methyltransferase Activities
amino acids of histone H3 (Figure 1B). The peptide is (A) Affinity-purified anti-ESC or anti-TRX antibodies bound to protein
still methylated by the material immunoprecipitated by A-Sepharose beads were used to select the corresponding com-
plexes from embryonic nuclear extracts. After washing the beads,the anti-ESC or the anti-TRX antibodies although the
bound histone MTase activity was determined with purified histonesactivity is weaker than with the entire histone H3. The
and 3H-S-Adenosyl methionine. The reaction products were ana-TRX-associated activity decreases to control levels if
lyzed by SDS-PAGE and autoradiography. Lane 1 shows the inputthe peptide is already dimethylated at lysine 4 (me2K4), histones; lane 4 is the control with beads lacking antibody.
strongly implying that the TRX-associated MTase tar- (B) The material precipitated with anti-TRX was assayed for methyla-
gets H3 Lysine 4. In contrast, the activity associated tion activity on histone H3 N-terminal peptides unmethylated (wt),
dimethylated at lysine 4 (me2K4), dimethylated at lysine 9 (me2K9),with the ESC/E(Z) complex can still methylate the me2K4
and acetylated at lysine 9 (acK9) or at lysine 14 (acK14).peptide (Figure 1C). It is also still active on the peptide
(C) The material precipitated with anti-ESC was assayed with thedimethylated at lysine 9 (me2K9) but not on a peptide
same peptides or with N-terminal peptide B trimethylated at lysinecontaining trimethylated lysine 9 (me3K9). These results 9 (me3K9). The columns indicate the average of multiple measure-
show that the activity associated with ESC/E(Z) is dis- ments expressed as percent of the average with unmodified peptide
tinct from that associated with TRX and is probably able and the error bars indicate the range. The control was done using
the same concentration of anti -galactosidase antibody.to add a methyl group to dimethylated lysine 9.
Purification of the ESC/E(Z) Methyltransferase
Chromatographic fractionation of Drosophila embryonic methylated histones at and around the centromeric re-
gion (Schotta et al., 2002). In this work, we confinednuclear extracts (Figure 2) reveals the presence of at
least five distinct MTase activities, which we named ourselves to the study of HIM, which copurifies with
E(Z) and ESC proteins. Gel filtration chromatographyHIM, , , , and  according to their elution from a
resource Q column. HIM contains the well-known (Figures 2B and 2C) indicates that the HIM has an
apparent size of 600–650 kDa, in good agreement withMTase SU(VAR)3-9 (Czermin et al., 2001), which plays
an important role in establishment and maintenance of the reported size of a E(Z)/ESC complex found in em-
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bryos (Ng et al., 2000). By introducing a MonoQ fraction-
ation prior to the Superdex200 column, we were able
to purify HIM to apparent homogeneity (Figure 2D).
Judging from a silver-stained gel, HIM consists of six
components. Western blots with corresponding anti-
bodies identify five of these as p55, ESC, Rpd3, E(Z),
and SU(Z)12 in order of increasing molecular weight.
The sixth protein has a molecular weight of approxi-
mately 168 kDa and is not yet unambiguously identified.
These results show that HIM is likely to correspond to
the MTase activity immunoprecipitated by the anti-ESC
antibody.
Reconstitution with Recombinant E(Z)
It has been shown that recombinant human E(Z) lacks
MTase activity on H3 peptide substrates. To test
whether the same was true for the Drosophila ortholog,
we expressed Drosophila E(Z) as an intein fusion protein
in bacteria and used the purified, recombinant E(Z) in
MTase assays with various substrates. As expected, we
could not detect significant MTase function using the
bacterially produced polypeptide (Figure 3B). Both HIM
activity and endogenous E(Z) reside in a high molecular
weight complex containing several protein components.
Histone-modifying enzymes often require other poly-
peptides, in addition to the catalytic subunit, to recog-
nize their substrate. Human HAT1, for example, requires
p48, a WD40-motif histone binding protein (Verreault et
al., 1998). The Drosophila ortholog of p48, called p55,
has also been shown to interact with E(Z) (Tie et al.,
2001), and ESC, another subunit of the E(Z) complex,
shares with p55 the WD40 domain structure, which is
needed for histone binding (Sathe and Harte, 1995; Si-
mon et al., 1995). To test whether E(Z) might require
additional components to gain histone MTase activity,
we used recombinant E(Z), immobilized on chitin beads,
to reconstitute a complex with either bacterially pro-
duced recombinant ESC, p55 produced in a baculoviral
system, or both (Figure 3A). While none of the compo-
nents has appreciable activity individually, E(Z) plus p55
has some MTase activity and the ternary complex of
E(Z), p55, and ESC displays even stronger ability to
methylate histone H3. In contrast, when an E(Z) protein
mutated in the SET domain is used, the ternary complex
has no MTase activity. This experiment demonstrates
that the E(Z) protein is responsible for the methylation
Figure 2. Purification of Histone Methyltransferase (HIM) Com- and strongly suggests that the SET domain harbors the
plexes from Embryonic Extracts MTase catalytic function.
(A) Purification scheme.
(B) Methyltransferase assays on histone H3. Fractions eluted from
E(Z) Methylates Lysine 9 and Lysine 27the Superdex200 column were assayed for activity, and aliquots of
The MTase activity of HIM methylates histone H3, hasthe reactions were analyzed by 18% SDS-PAGE. The gel was then
a slight preference for H3 incorporated in a nucleosome,stained with Coomassie, treated with Amplify, and autoradio-
graphed. and is not active on the globular domain of H3, with a
(C) Western blots of the Superdex 200 fractions. 20 l of each deletion of the first 26 N-terminal amino acids (Figure
fraction were analyzed by 10% SDS-PAGE and transferred onto 4A). A histone deacetylase activity is also present in the
a PVDF membrane, and proteins were detected using antibodies
purified complex (not shown). To identify the target ofagainst hsEnx (E(Z)) or dmESC. The asterisk on the E(Z) blots corre-
the ESC/E(Z) MTase, we methylated in vitro a peptidesponds to a nonspecific crossreactivity of the primary antibody.
containing the first 19 amino acids of histone H3 with(D) Silver-stained gel of HIM pool eluted from Superdex 200 column
(left) and Western blots of the HIM pool using various antibodies 3H-labeled S-adenosyl methionine and subjected it to
against E(Z)-associated polypeptides (-E(Z), -p55, -ESC, N-terminal degradation. When the radioactivity of the
-RPD3, and -SU(Z)12, from left to right). progressively released amino acids was determined, we
found a single peak at lysine 9 (Figure 4B). We conclude,
therefore, that lysine 9 is a target of the ESC/E(Z) MTase.
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Figure 3. Reconstitution of E(Z) MTase Ac-
tivity
(A) Recombinant intein-E(Z) and HA-ESC fu-
sions were expressed in bacteria; myc-p55
was produced in a baculovirus system. The
purified E(Z) and HA-ESC proteins, separately
or in combination, were incubated with the
lysate from Sf9 cells infected with baculovirus
expressing myc-p55, the complexes bound
to an anti-myc resin and assayed for MTase
activity with recombinant histone H3. The his-
togram shows the radioactivity incorporated.
(B) The recombinant proteins bound to the
anti-myc resin are shown in corresponding
Western blots.
Nevertheless, the N-terminal peptide already dimethy- stains strongly the intact histone H3 but still recognizes
weakly the trypsinized H3 (Figure 4G, bottom). In con-lated at lysine 9 can still be methylated (me2K9, Figure
4C). The simplest explanation is that the enzymatic ac- trast, the anti-me2K9 recognizes the intact H3 but not
the trypsinized H3. This weak reaction of the me3K9tivity can add a third methyl group to the dimethylated
lysine 9. To confirm this, we obtained new synthetic antibody with the methylated and trypsinized H3 sug-
gests that lysine 27 may also be trimethylated in vivopeptides with or without trimethylation at lysine 9. With
these peptides as substrates, we found that, while the and weakly recognized by the anti-me3K9 antibody.
unmodified peptide is methylated, methylation of the
me3K9 peptide is abrogated (Figure 4C). Binding of PC to Methylated H3
It has been shown that the chromodomain of HP1 bindsIn addition to lysine 9, other residues appear to be
methylated. A tryptic digest of histone H3 methylated specifically both dimethyl and trimethyl lysine 9 N-ter-
minal peptide of histone H3 (Bannister et al., 2001; Niel-with HIM shows that significant methyl label remains
with the globular part of the histone, suggesting that it sen et al., 2002). The structure of the chromodomain
and the sequence conservation of critical residues incontains additional targets of methylation (Figure 4G,
top). However, the globular domain of H3 (residues 27– PC suggest that the PC chromodomain might also have
such a specific affinity. We used immobilized H3 N-ter-135) cannot serve as a HIM substrate (Figure 4A, lane
2), suggesting that although it may harbor an additional minal peptide unmethylated or trimethylated at lysine 9
to see if they were able to bind recombinant PC protein.methylation site, amino acid residues within the tail are
important for substrate recognition. Lysine 27 is a good Figure 5A shows that the PC protein has some affinity for
the trimethylated peptide but binds to the same extentcandidate site since it is present in the truncated H3
but lacks its immediate N-terminal context. A peptide to the unmethylated peptide. We then examined the
interaction of GST-PC to full-length histone H3 eithercomprising amino acids 21–34 of H3 is in fact methylated
by HIM (Figure 4D) but no methylation occurs if lysine methylated with purified HIM or acetylated with GCN5.
Compared to the acetylated H3, methylated H3 binds27 is mutated to leucine (K27L). In contrast, the SU
(VAR)3-9 MTase is very active on a peptide comprising five times better to GST-PC. The binding is nearly unaf-
fected by the K9A mutation but decreases more thanamino acids 1–19 of H3 but has no activity on the 21–34
peptide (Figure 4D). Furthermore, a recombinant histone 2-fold with the K27A mutant H3 (Figure 5B). These re-
sults indicate that methylation by HIM significantly in-H3 carrying the point mutation K9A can still be methyl-
ated by HIM, as can H3 with the K27A mutation. Methyl- creases the affinity of H3 for PC but most of this affinity
is due to K27 methylation.ation activity drops to background level with H3 carrying
both K9A and K27A mutations (Figure 4E).
An antibody directed against dimethylated H3 lysine Chromosomal PcG Sites Contain Trimethyl
Lysine 9 H39 (anti-me2K9) has been described (for example, see
Jacobs et al., 2001). Cowell et al. (2002) have recently If the H3 methylation activity associated with E(Z) serves
as a chromatin mark for PcG silencing, we should expectdescribed another antibody, specifically raised against
the N-terminal peptide of histone H3 trimethylated at to find correspondingly methylated H3 at PcG sites on
polytene chromosomes. When we double stain chromo-lysine 9. Western blotting of differentially modified pep-
tides confirms that the anti-me2K9 antibody and the some spreads with anti-me2K9 antibody, together with
anti-PSC to label PcG sites, we find no correspondenceme3K9 antibody have distinct and nonoverlapping spec-
ificities (Figure 4F). When these antibodies are used to between the two (Figure 6A). The anti-me2K9 antibody
stains very strongly the chromocenter, a very few eu-stain a Western blot of nucleosomal histones isolated
from Drosophila embryos and then treated with trypsin chromatic sites, and telomeres. Telomeres are in fact
the only places where PSC and me2K9 H3 are foundto remove the N-terminal tail, the anti-me3K9 antibody
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together, consistent with previous reports that hetero- (var)3-9 and that due to E(z), we also stained chromo-
somes from larvae homozygous for the Su(var)3-906 mu-chromatin protein HP1 and PSC coexist at subtelomeric
sites (Fanti et al., 1998). In contrast, when anti-me3K9 tation. Larvae and flies homozygous for this mutation
are viable and lack most but not all of the anti-me3K9was used to stain polytene chromosomes, we obtained
almost perfect colocalization of me3K9 and PSC at eu- staining at the chromocenter while staining of chromo-
some 4, of the base of chromosome 2R, and of telo-chromatic sites (Figures 6B–6D). The relative intensity
of the two signals varies from site to site, but with very meres, as well as euchromatic sites, persists unaffected
(Figure 7F). Staining with anti-PSC is also normal in thesefew exceptions the two signals colocalize. In particular,
both the BX-C locus (as observed by Cowell et al., 2002) chromosomes.
and ANT-C locus, prime sites of action of PcG proteins,
stained strongly with both antibodies. Clear exceptions Discussion
are the chromocenter and most of chromosome 4, where
the anti-me3K9 antibody stains powerfully while PSC The conjecture that the ESC/E(Z) complex contains a
is not found, a few rare euchromatic sites and some histone MTase activity is confirmed by the finding that
telomeres, where the PSC signal is not always present. the complex immunoprecipitated by anti-ESC or purified
Conversely, a few sites give a strong PSC signal but biochemically methylates in vitro histone H3 whether
only a weak me3K9 signal. Two such sites are 2D, near assembled in a nucleosome, as a free histone, or in the
the tip of the X chromosome, and 49F, on chromosome form of oligopeptides. The purified complex contains
2R (Figure 6D). The first is the locus of polyhomeotic several components as predicted from previous studies:
(ph); the second contains the divergently transcribed in addition to E(Z), we find SU(Z)12, ESC, p55, and Rpd3.
Psc and Su(z)2 genes. All three genes are components An additional component of approximately 168 kDa re-
of PcG complexes, and ph and Psc have been shown mains to be identified.
to be themselves targets of PcG regulation (Fauvarque Recombinant E(Z) has no MTase activity in vitro but
and Dura, 1993; Fauvarque et al., 1995; Rastelli et al., acquires this activity when combined with p55 and ESC.
1993). Both are typical WD40 proteins, containing seven WD40
Since the me2K9 and me3K9 antibodies have non- repeats and thought to mediate protein-protein interac-
overlapping specificities at least in vitro for the me2K9 tions. The p55 protein has been found associated with
and me3K9 peptides, respectively, we conclude that the the Retinoblastoma protein, is a constituent of Chroma-
cytological sites typically considered heterochromatin- tin Assembly Factor CAF-1, and is thought to mediate
like (chromocenter, chromosome 4, and telomeric re- the interactions of CAF-1 with histones. WD40 domain
gions) contain both me2K9 and me3K9 H3. While the proteins are also found in other repressive chromatin-
me3K9 antibody may recognize weakly the methylated modifying complexes, e.g., yeast Tup-1 (Davie et al.,
K27 peptide, we cannot evaluate the contribution of this 2002), fly and mammalian Groucho (Fisher and Caudy,
interaction to the polytene staining. To test whether the 1998), and mammalian TBL1 (Guenther et al., 2000), and
methylation detected by the anti-me3K9 antibody is de- have been shown to interact with histones and particu-
pendent on E(z) function, we prepared polytene chromo- larly with H3. ESC and p55 are therefore likely to mediate
the interaction of E(Z) with histone H3 while the E(Z) SETsomes from larvae homozygous for the E(z)S2 tempera-
ture-sensitive mutation and raised at 29C after hatching domain is responsible for the catalytic activity.
Other components known to associate with the ESC/of the larvae. As shown by Rastelli et al. (1993), inactiva-
tion of the E(z)S2 product causes loss of binding of PcG E(Z) complex are Rpd3 and PHO. PHO is a DNA binding
protein and most likely required to recruit the compo-proteins from most but not all sites, compared to wild-
type chromosomes (Figures 7A–7E). In our experiments, nents to the PRE (Poux et al., 2001b), but its association
with E(Z) does not necessarily persist in the later em-inactivation appeared to occur to different extents in
different larvae or even in different nuclei from the same bryo; Rpd3 is a histone deacetylase whose role in the
complex is presumably to deacetylate H3 lysine 9 andgland, judging from the distribution of anti-me3K9 or
anti-PSC antibody staining. In general, the euchromatic permit its methylation. SU(Z)12 is a zinc finger protein
highly conserved in vertebrates and plants. Its functionbands of anti-me3K9 staining are lost well before the
PSC staining. A few PSC sites remain strong in the ab- is unknown but it was recently implicated in PcG silenc-
ing and position-effect variegation (Birve et al., 2001).sence of detectable me3K9 staining. Methylation at a
few euchromatic sites persists; one in particular is region SU(Z)12 is not present stoichiometrically in our purified
complex, suggesting either that it can dissociate during31 of chromosome 2L, containing multiple bands that
bind the heterochromatin protein HP1 (Hwang et al., purification or that the embryonic E(Z)/ESC complex
is heterogeneous. Assuming one copy of each, these2001). Staining of the chromocenter and of chromosome
4 also persists, but it is difficult to conclude unambigu- components do not account for the size of the ESC/E(Z)
complex, estimated at around 600–650 kDa. It is likelyously whether it is affected by the E(z)S2 mutation since
the loss of function is often incomplete. Heterochro- therefore that some components, possibly E(Z) itself,
are present in more than one copy. Genetic evidencematic staining is lost in some nuclei but we cannot tell
whether it is artifactual in these dying larvae. Interest- suggests that E(Z) function requires two or more copies
of the protein acting in concert. The original E(z)1 mutantingly, staining at telomeres is also lost, often well before
the corresponding staining with anti-PSC antibody. produces a dominant enhancer of zeste phenotype
when heterozygous with a wild-type copy of E(z) butThese results confirm the conclusion that most of the
euchromatic methylation detected by the anti-me3K9 acts as a null when homozygous (Jones and Gelbart,
1990; Phillips and Shearn, 1990), implying that the mu-antibody is in fact dependent on E(Z).
To distinguish the histone H3 methylation due to Su tant and wild-type copies of the protein act together.
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Figure 4. Properties of the Purified ESC/E(Z) Complex
(A) HIM activity was assayed on different histone substrates. Methylation reactions were run on a 18% SDS-PAGE, stained with Coomassie
(top), and autoradiographed (bottom). The H3N26 and H4N19 substrates are recombinant H3 or H4 histones with the first 26 or 19 amino
acids deleted.
(B) The H3 N-terminal peptide was methylated with purified HIM by HPLC and subjected to Edman degradation. The radioactivity released
by each degradation cycle was measured.
(C) MTase activity of purified HIM on H3 peptide 1–19 unmethylated (wt) or dimethylated at lysine 9 (me2K9) and on peptide 1–16 unmethylated
or trimethylated at lysine 9 (me3K9).
(D) MTase activity of purified HIM on H3 peptides 1–19, 21–34, or 21–34 with the K27L mutation was compared with the activity of purified
SU(VAR)3-9. The mock control lacked HIM.
(E) MTase activity of purified HIM on recombinant histone H3 or H3 mutants K9A, K27A, or K9A-K27A.
(F) The specificity of the anti-me2K9 and me3L9 antibodies was tested on a Western blot of H3 N-terminal peptides: unmodA is the 1–19
unmodified peptide A, meK9A is peptide A dimethylated at lysine 9, unmodB is the unmodified 1–16 peptide B, and me3K9B is the trimethylated
peptide B.
(G) In the top gel, Drosophila nucleosomes were methylated with HIM and the reaction was either stopped or digested with 2 g trypsin for
10 min. Products were resolved by 18% SDS-PAGE, stained with Coomassie (lanes 1 and 3), and autoradiographed (lanes 2 and 4). The
residual labeling of H4 (asterisk) is due to a contaminating activity in the nucleosome preparation. In the bottom gel, Drosophila nucleosomes
were digested with either 1 or 2 g trypsin and the products were analyzed by SDS-PAGE either Coomassie stained or Western blotted and
stained with anti me3K9 or anti-me2K9 to detect endogenous methylation.
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port that E(z) mutations are also suppressors of hetero-
chromatic position-effect variegation (Laible et al.,
1997). However, a more distinct difference between the
SU(VAR)3-9 mark and the E(Z) mark is the methylation
of H3 K27. In vitro, SU(VAR)3-9 does not methylate the
K27 peptide. It will be important to test whether K27
methylation is present in heterochromatin, but it is likely
that K27 methylation differentiates heterochromatic
from PcG sites.
The Role of E(Z)-Dependent Histone Methylation
Suvar3-9 methylation of lysine 9 of histone H3 is thought
to stabilize or even target HP1-containing heterochro-
matic complexes through binding of the HP1 chromodo-
main to the methylated lysine 9 (Bannister et al., 2001;
Lachner et al., 2001). The structure of the HP1 chromo-
domain bound to histone H3 di- or trimethylated at lysine
9 shows that either peptide fits in a groove and lodges
the methyllysine in a hydrophobic pocket (Nielsen et
al., 2002; Jacobs and Khorasanizadeh, 2002). This was
confirmed by peptide binding experiments and makes
it unlikely that H3 K9 methylation would be sufficient to
discriminate between the heterochromatic methylation
imprint and the PcG methylation imprint. The parallelism
suggests that the chromodomain of PC would recognize
trimethyl lysine 9 H3. PC has been shown to bind to
histone H3 and to nucleosomes in vitro; however, the
domain involved does not appear to be the chromodo-
main but the C-terminal region (Breiling et al., 1999). OurFigure 5. PC Binding to Methylated H3 or Peptides
binding experiments detected little increased affinity of(A) Peptide B (amino acids 1–16), either unmethylated (pep) or tri-
PC for the trimethyl K9 peptide compared to the unmeth-methylated at lysine 9 (me3K9 pep), bound to Sepharose beads,
was incubated to in vitro translated, 3H-labeled PC protein. The ylated peptide. Instead, methyl K27 appears to make
beads were washed and the bound PC protein was detected by the major contribution to PC affinity for methylated H3.
SDS-PAGE and autoradiography. Lane i shows the input PC protein. The amino acid context of K27 (KAARKS) resembles
(B) GST-PC or GST beads were incubated with recombinant histone
that of K9 (QTARKS) but HP1 binds weakly to a methyl-H3 (wt) methylated with HIM or acetylated with GCN5 (WTac) to
ated K27 peptide (Nielsen et al., 2002; Jacobs and Khor-the same specific radioactivity. The binding affinity was calculated
asanizadeh, 2002). It remains to be seen which domainrelative to the binding of acH3 to GST-PC beads. In parallel reac-
tions, H3 with the K27A or the K9A mutation were used for com- of PC interacts with methylated H3 and whether HP1 can
parison. bind to meK9 meK27 H3. Nevertheless, the presence of
me3K9 at PcG sites, as well as in heterochromatin and
chromosome 4, suggests that the meK27 or other fac-
tors must contribute to discriminate between hetero-Trimethylation of H3 Lysine 9
The activity of the ESC/E(Z) complex leads to trimethyla- chromatic and PcG sites.
Specific recognition of the methylated histone H3 bytion of lysine 9 and probably also of lysine 27 of H3.
In vivo the me2K9 antibody does not detectably stain Polycomb complexes might be facilitated by other PcG
components or by other modifications of the histones.chromosomal PcG sites while the me3K9 antibody dec-
orates all chromosomal PcG sites. Whether three methyl E(Z)-dependent methylation might contribute to the sta-
bility of the PcG complex, particularly in the early stagesgroups are added processively or by independent
events and whether lysine 9 and lysine 27 are targeted of assembly at the PRE (Poux et al., 2001b), for example,
by permitting complex formation to spread to neigh-simultaneously remains to be elucidated. The partial
ability of the complex to methylate the peptide acet- boring sequences for a distance of 2–3 kb. However,
the fact that in the E(z)S2 mutant chromosomes the tri-ylated at lysine 9 is accounted for by the presence of
the Rpd3 deacetylase. methylation mark is lost well before the binding of PcG
proteins indicates that methylation is not essential forThe Su(var)3-9 product has been reported to dimethy-
late H3 lysine 9, constituting a mark for heterochromatic the binding of the complex. Alternatively, the trimethyl
mark might signify the difference between the mere re-complexes (Rea et al., 2000; Lachner et al., 2001). How-
ever, our antibody staining of polytene chromosomes cruitment of a PcG complex and its repressive function.
Chromatin immunoprecipitation shows that PcG com-detects abundant trimethyl lysine 9 in heterochromatin
as well as most of chromosome 4, sites that do not plexes are present at some PREs whether or not the
corresponding gene is repressed (Breiling et al., 2001),contain PcG complexes. At least some of the hetero-
chromatic me3K9 is lost in Su(var)3-9 mutants. We can- implying that, while recruitment of the complexes may
be constitutive, the decision to repress or not dependsnot exclude a participation of E(Z) in heterochromatic
H3 methylation, which would be consistent with the re- on other features transmitted epigenetically. The meth-
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Figure 6. PcG Sites on Polytene Chromosomes Contain H3 Trimethylated at Lysine 9
Polytene chromosomes were stained with monoclonal anti-PSC (red) and either anti-me3K9 or anti-me2K9 antibodies (green). The DAPI-stain
images were merged with the anti-PSC and anti-me3K9 images.
(A) The merged image shows that anti-me2K9 stains the chromocenter and a few euchromatic bands (white dashes) with no relation to the
anti-PSC bands.
(B and C) The anti-PSC images (left) show the regions containing the ANT-C (B) and BX-C (C) complexes. In the central panels, the anti-
me3K9 image shows numerous euchromatic bands, almost all corresponding to the anti-PSC bands. The chromocenter and chromosome 4
stain vigorously. In the right images, the merged images show that the ratio of the two signals varies from band to band.
(D) The merged image shows again highly variable ratios between anti-me3K9 and anti-PSC signals. Two sites with strong anti-PSC and weak
but visible anti-me3K9 signals are 2D and 49F, respectively, the polyhomeotic and Psc loci.
ylation might then constitute the epigenetic mark trig- to PcG sites. That the latter interpretation is correct is
shown by the fact that the chimeric HP1 also recruitsgering the silent state. It is interesting to note, therefore,
that two polytenic sites that are strongly staining with PcG proteins to heterochromatin, where they are not
normally found, and that this recruitment is dependentanti-PSC antibody but very weakly with anti-me3K9 anti-
body are 2D and 49F, respectively, the sites of the PcG on E(z) function (Platero et al., 1996). We observe strong
staining with the anti-me3K9 antibody in the chromocen-genes ph and Psc. These PcG genes are downregulated
but not silenced by PcG mechanisms. If trimethylation ter and chromosome 4, implying that me3K9 H3 is wide-
spread in heterochromatin. If this is, in fact, due to E(z)of H3 lysine 9 signals strong silencing, we might expect
these sites to be occupied by PcG complexes but only activity, it would explain the intervention of E(Z) in the
heterochromatic recruitment of PcG proteins mediatedpartly repressed.
A role of H3 methylation in the assembly of stable by the chimeric HP1.
It would be important, therefore, to determine whetherPcG complexes is suggested by another observation.
When the chromodomain in HP1 is substituted by the E(Z) contributes to heterochromatic me3K9. Anti-E(Z)
antibody does not stain the chromocenter of salivarychromodomain of PC, the chimeric HP1 is recruited to
PcG binding sites on polytene chromosomes (Platero polytenic chromosomes (Carrington and Jones, 1996).
In E(z)S2 mutant larvae raised at nonpermissive tempera-et al., 1995). This implies either that the chromodomain
is sufficient to recognize and bind to the meK9 meK27 ture, we still see me3K9 staining in heterochromatin
although with very variable intensity. One possible ex-H3 or that the PC chromodomain specifies critical inter-
actions with other PcG components that are recruited planation for these two observations is that since hetero-
Enhancer of Zeste Methylates Histone H3
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Figure 7. Effects of E(z)S2 and Su(var)3-9 Mutations on Polytene Chromosomes
The chromosomes were stained with anti-me3K9 (green) and anti-PSC (red) as in Figure 6. (A), (C), and (E) show chromosomes of E(z)S2 larvae
raised at 29C to inactivate E(Z). (B) and (D) show corresponding regions from wild-type larvae. The upper image in (A)–(D) shows the anti-
PSC channel and the lower image shows the anti-me3K9 channel merged with DAPI to show the chromatin. Most but not all PSC sites
disappear and telomeric me3K9 staining is lost, but a series of bands in region 31 is still methylated. In (E), chromocenter me3K9 is reduced
and the ANT-C locus has no me3K9 signal and only faint residual PSC signal. (F) Chromosomes from larvae homozygous for Su(var)3-906 lose
most heterochromatin me3K9 stain but retain staining of chromosome 4 and euchromatic sites (right). Euchromatic PSC bands (left) are
normal, as well as staining for both antibodies at telomeres (see the tip of chromosome 2L in the lower left corner).
chromatin is very little replicated in polytene chromo- Telomeres, particularly those of chromosome 2R and
2L, stain prominently with antibodies against PcG pro-somes, the methylated H3 produced before the
temperature shift might perdure a long time at nonper- teins but also against HP1. A critical role has been attrib-
uted to telomeric HP1 in “capping” chromosome terminimissive temperature.
It is interesting to note that anti-me3K9 staining at and preventing telomeric fusions, failure to segregate
chromosomes, and chromosome breakage (Fanti et al.,telomeres is not affected in Su(var)3-9 null polytene
chromosomes but is lost in the absence of E(z) function. 1998). The fact that Drosophila Su(var)3-9 null mutants
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and progressively eluted with HEMG250, HEMG500, and HEMG750.are perfectly viable implies that this role of HP1 is not
The 250 mM fraction was diluted 2.5-fold with HEMG0 to reach thedependent on SU(VAR)3-9. In contrast, embryos lacking
conductivity of HEMG100, loaded onto a 6 ml ResourceQ (Amer-both maternal and zygotic E(z) function are reported to
sham Biotech) column, and eluted with a linear gradient of 100–500
have mitotic phenotypes similar to those attributed to mM KCl in HEMG. MTase activities were named HIM, , , , and
HP1 mutants (Phillips and Shearn, 1990; Jones and  in their order of elution from the ResourceQ column. The HIM
fractions were loaded onto a 1 ml heparin-agarose (Amersham Bio-Gelbart, 1990). It is likely, therefore, that the recruitment
tech) and the column was washed with three volumes of BC200 (25of HP1 to telomeric sites depends at least in part on
mM HEPES [pH 7.6], 200 mM NaCl, 1 mM MgCl2, 0.5 mM EGTA, 10%E(z) and not on Su(var)3-9. Unfortunately, our evidence
glycerol, 1 mM DTT, 0.2 mM PMSF, 1 mg/ml aprotinin, pepstatin, andobtained with the E(z)S2 mutant is inconclusive.
leupeptin) and eluted with a linear gradient of BC200–BC500. MTase
We conclude that a combination of histone methyla- activity was detected in two peaks eluting at 250 and 330 mM NaCl.
tion marks could be a major factor in the establishment The second peak contains E(Z), as judged by Western blotting using
an anti-human Enx1/EZH2 protein and confirmed with anti-Drosoph-of stable patterns of homeotic gene expression and con-
ila E(Z). These fractions were pooled, dialyzed against BC100, andstitutes the molecular basis of a cellular memory system.
loaded onto a 1 ml MonoQ (Amersham Biotech) column. BoundThe analysis of the existing methylation patterns in cells
activity was eluted with a linear gradient of 100–500 mM NaCl. Aexpressing different homeotic genes by chromatin im-
single peak of MTase activity eluting at 260 mM NaCl was loaded
munoprecipitation will give us further insight into how onto a HR10/30 Superdex200 (Amersham Biotech) gel filtration col-
the MTases such as E(Z) are targeted to different sites umn. Activity was isocratically eluted with BC250 at a relative molec-
ular weight of 600–700 kDa. Peak fractions were pooled and ana-and how they are regulated at different developmental
lyzed by Western blotting. To reconstitute E(Z) MTase activity,stages.
dmE(Z) was expressed in bacteria as an intein fusion protein and
purified on chitin beads according to the supplier (New EnglandExperimental Procedures
BioLabs). The mutant SET domain, with residues N702 and H703
crucial for SET domain function replaced by A and G, was introducedFly Strains and Mutants
by PCR mutagenesis. HA-ESC was expressed in bacteria and puri-Fly stocks to make nuclear extracts were y w67c23 for immunoprecipi-
fied on anti-HA resin. The bound proteins were eluted from the resintations and Oregon R for biochemical purifications. The E(z)S2 ther-
with HA peptide. Myc-p55 was expressed in a baculovirus systemmosensitive allele was described by Jones and Gelbart (1990) and
and purified on anti-myc resin. For reconstitution experiments, cor-is also referred to as E(z)61. The E(z)S2 function is inactivated by
responding amounts of lysates from infected Sf9 cells were incu-growth at 29C. The properties of the Su(var)3-906 mutant were de-
bated for 2 hr at 4C with approximately equal amounts of eitherscribed in Schotta et al. (2002).
purified HA-ESC, E(Z), or both and affinity purified on an anti-myc
resin. Beads were then washed three times with 1 ml of BC300 and
Antibodies and Immunoprecipitation
once with BC100. The protein complexes bound to beads were then
Rabbit anti-ESC and anti-TRX were described by Poux et al. (2002).
used in a standard MTase assay.
Rabbit anti-human Enx1/EZH2 was a gift from A. Otte and rabbit
anti-me2K9 H3 was a gift from C.D. Allis or purchased from Upstate.
Methyltransferase ActivityRabbit anti-me3K9 H3, raised against a trimethylated N-terminal H3
MTase activity was assayed as described (Czermin et al., 2001).peptide (Cowell et al., 2002) and depleted of anti-me2K9 activity
Peptides used for MTase assays were peptide 1–19, containingusing the me2K9 peptide, was kindly supplied by P. Singh. Mono-
the first 19 amino acids of histone H3 plus a C-terminal cysteine,clonal anti-PSC was described by Martin and Adler (1993) and ob-
unmodified, dimethylated at K4, dimethylated at K9, doubly dimeth-tained from Santa Cruz Biotechnology. Chicken anti-SU(Z)12 was a
ylated at K4 and K9, acetylated at K9, or acetylated at K14 (Peptidekind gift from A˚sa Rasmuson-Lestander.
Specialty Laboratories); peptide 1–16, containing the first 16 resi-To immunoprecipitate ESC/E(Z) or TRX complexes, antibodies
dues of H3 plus a C-terminal GGC, either unmodified of trimethylatedwere bound to protein A-sepharose beads for 2 hr at 4C in IMP
at K9 (Abcam); and peptide 21–34, containing residues 21–34 ofbuffer (12 mM HEPES [pH 7.6], 4 mM Tris-HCl [pH 7.6], 0.1 mM
H3 and the mutant containing the K27L mutation. RecombinantEDTA, 60 mM KCl, 5 mM MgCl2, 0.5 mM dithiothreitol, 0.1 mg/ml
Xenopus histones were prepared as described in Luger et al. (1997).BSA, 0.1% NP40, 1 mM PMSF, 10 g/ ml leupeptin and aprotinin,
Drosophila nucleosomes were isolated from Drosophila embryos1 g/ml antipain, pepstatin A, and trypsin inhibitor, 1.6 g/ml ben-
by mild micrococcal digestion and purified on a Superose6 column.zamidine and 50 l/ml TLCK). After washing and blocking 1 hr at
To study incorporation of radioactivity within the globular domain,4C in 2% blocking reagent (Roche) in IMP buffer at 4C, the beads
in vitro methylated nucleosomes (2 g) were treated with 0.2 g ofwere incubated in the same buffer plus 10% glycerol with 350 g
trypsin (Promega) for 10 min at 25C. The Drosophila SU(VAR)3-9embryonic nuclear extract 2 hr at 4C. After four washes with IMP
protein used for comparison was expressed in bacteria as an inteinbuffer, the beads were incubated 1 hr at 30C in 50 l HMTase buffer
fusion and purified on a chitin column. Recombinant histone H3(50 mM Tris-HCl [pH 7.8], 10% glycerol, 0.5 mM dithiothreitol, 1 mM
bearing mutations K9A, K27A, or both was expressed in bacteriaPMSF [Nakayama et al., 2001]), 1.25 Ci 3H-S-Adenosyl methionine
from plasmids kindly provided by D. Reinberg.(Amersham-Pharmacia), and 15 g of calf thymus histones (Roche)
or 2 g of H3 N-terminal peptides. The reaction was stopped with
Edman Degradation10 l 6	 SDS gel loading buffer and analyzed by SDS-PAGE on a
Methylated peptides (20 g) were purified by reverse phase HPLC22% gel. The gel was treated with Amplify (Amersham-Pharmacia)
on a 250	 4.6 Jupiter 10 m C4 column (Phenomenex) and subjectedand autoradiographed. For methylation of peptides, the reactions
to Edman degradation. The radioactivity in the product of eachwere spotted on P-81 phosphocellulose filter paper (Whatman),
degradation cycle was measured.washed three times for 5 min in 50 mM sodium carbonate (pH 9.2),
dried, and counted in a scintillation counter.
Polycomb Binding Assay
Peptide B, either unmodified or trimethylated at lysine 9 (4 g/Purification of HIM
Drosophila extracts from 400 g of 0–12 hr embryos were prepared reaction), was coupled to Sulpholink gel (Pierce) according to manu-
facturer’s instructions. Polycomb protein, 3H-labeled by in vitroas described (Varga-Weisz et al., 1997). Extracts were dialyzed
against five changes of HEMG40 (25 mM HEPES [pH 7.6], 12.5 mM translation with the Quick TNT kit (Promega), was bound to the
beads for 1 hr in IMP buffer containing 5% glycerol. After fourMgCl2, 40 mM KCl, 0.5 mM EGTA, 0.1 mM EDTA, 10% glycerol, 1
mM DTT, 0.2 mM PMSF, 1 mg/ml aprotinin, pepstatin, and leupeptin) washes with the same buffer, the beads were boiled in gel sample
buffer, the material analyzed by SDS-PAGE, and the gel autoradio-until a conductivity equivalent of HEMG100 was reached. Dialyzed
extracts were then loaded onto a 60 ml BioRex70 (BioRad) column graphed using Amplify (Amersham-Pharmacia). For the pull-down
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assay, GST or GST-PC beads (30 l) were incubated with histone Carrington, E.A., and Jones, R.S. (1996). The Drosophila Enhancer
of zeste gene encodes a chromosomal protein: examination of wild-H3 in vitro methylated (HIM) or acetylated (GCN5) to the same
specific activity. After incubating 1 hr at 4C, beads were washed type and mutant protein distribution. Development 122, 4073–4083.
four times with 1 ml BC300. Material bound to the beads was eluted Cavalli, G., and Paro, R. (1998). The Drosophila Fab-7 chromosomal
with 30 mM glutathione, spotted onto P81 paper (Whatman), and element conveys epigenetic inheritance during mitosis and meiosis.
counted. Due to the affinity of PC for unmethylated histone tails, Cell 93, 505–518.
we determined the fold enrichment of H3 as the ratio bound meH3/
Cavalli, G., and Paro, R. (1999). Epigenetic inheritance of active
bound acH3.
chromatin after removal of the main transactivator. Science 286,
955–958.
Antibody Specificity
Cowell, I.G., Aucott, R., Mahadevaiah, S.K., Burgoyne, P.S., Huskis-Unmethylated and trimethylated lysine 9 peptides (2 g of each)
son, N., Bongiorni, S., Prantera, G., Fanti, L., Pimpinelli, S., Wu, R.,were loaded onto an 18% SDS polyacrylamide gel, electrophoresed,
et al. (2002). Heterochromatin, HP1 and methylation at lysine 9 ofand transferred onto a PVDF membrane by Western blotting. Anti-
histone H3 in animals. Chromosoma 111, 22–36.dimethyl lysine 9 H3 (Upstate) or anti-trimethyl lysine 9 H3 were
Czermin, B., Schotta, G., Hu¨lsmann, B.B., Brehm, A., Becker, P.B.,used at a 1:1000 dilution in PBS-T and signals were detected by
Reuter, G., and Imhof, A. (2001). Physical and functional associationenhanced chemiluminescence.
of SU(VAR)3–9 and HDAC-1 im Drosophila. EMBO Rep. 2, 915–919.
Davie, J.K., Trumbly, R.J., and Dent, S.Y.R. (2002). Histone-depen-Chromosome Staining
dent association of Tup1-Ssn6 with repressed genes in vivo. Mol.Salivary gland polytene chromosome spreads were prepared from
Cell. Biol. 22, 693–703.wild-type or mutants. For E(z)S2, the larvae were transferred to 29C
24 hr after egg deposition. The glands were fixed in a solution Fanti, L., Giovinazzo, G., Berloco, M., and Pimpinelli, S. (1998). The
containing 3.7% formaldehyde in PBS, transferred to 45% acetic heterochromatin Protein-1 prevents telomere fusions in Drosophila.
acid, 2% formaldehyde for spreading. The chromosomes were incu- Mol. Cell 2, 527–538.
bated 1 hr in blocking solution (Boehringer), then overnight at 4C Fauvarque, M.-O., and Dura, J.-M. (1993). polyhomeotic regulatory
with rabbit anti-me3K9 antibody (1:50–1:20) or rabbit anti-me2K9 sequences induce developmental regulator-dependent variegation
(1:15) and monoclonal anti-PSC (1:15). After washing three times and targeted P-element insertions in Drosophila. Genes Dev. 7,
for 30 min, they were incubated with anti-rabbit-FITC (1:100), anti- 1508–1520.
mouse-Cy3 (1:100), and 10 g/ml DAPI for 3 hr at room temperature.
Fauvarque, M.-O., Zuber, V., and Dura, J.-M. (1995). Regulation ofAfter washing three times for 30 min, they were imaged with a Zeiss
polyhomeotic transcription may involve local changes in chromatinfluorescence microscope and a Hamamatsu C5810 CCD camera
activity in Drosophila. Mech. Dev. 52, 343–355.and the images treated with Adobe Photoshop.
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